A cDNA, Wiv-1, for an isozyme of acid invertase (EC 3.2.1.26) was cloned from wounded leaves of tomato (Lycopersicon esculentum). The encoded protein had a basic isoelectric point and strong similarity to the amino acid sequences of plant cell wall-bound invertases. The conserved sequence WECPD that is found in all plant cell wall-bound invertases was also found in the deduced protein. These results suggested that Wiv-1 encoded a cell wall-bound acid invertase of tomato. Wounding increased the levels of mRNAs for soluble and cell wall-bound invertases and the activities of these invertases in leaves of L. esculentum and of a related species, L. peruvianum. The induction of Aiv-1 mRNA for the soluble enzyme in wounded leaves was not very strong, while that of Wiv-1 mRNA for the wall-bound enzyme was prominent. The level of Aiv-1 mRNA reached a maximum 48 h after wounding while that of Wiv-1 mRNA continued to rise for up to 96 h. These findings suggested that the genes for the two isozymes responded independently to wounding. The levels in various organs of Aiv-1 and Wiv-1 mRNAs were higher in L. esculentum than in L. peruvianum. Possible roles of cell wall-bound acid invertase in wound response and in developing plant are discussed.
INTRODUCTION
Sucrose is the main photoassimilate in most plant species. It is transported to various sink organs and metabolized by sucrose-cleaving enzymes, which include sucrose synthases (EC 2.4.1.13) and invertases (EC 3.2.1.26). Most plants contain multiple forms of invertases, which are characterized by different subcellular localizations, isoelectric points (pIs) and pH optima (Sturm and Chrispeels, 1990) . Soluble acid invertases have acidic pH optima and acidic pIs and most of them are localized in plant vacuoles (Leigh et al., 1979; Giaquinta et al., 1983; Konno et al., 1993) . Soluble acid invertases are believed to control levels of hexoses in sink (Schaffer et al., 1987; Yelle et al., 1991; Klann et al., 1993 Klann et al., , 1996 Ohyama et al., 1995; Davies and Robinson, 1996; Zrenner et al., 1996) and source (Scholes et al., 1996) tissues. Cell wall-bound (extracellular or apoplastic) acid invertases are ionically bound to cell walls (Hisajima and Arai, 1978; Krishnan et al., 1985; Karuppiah et al., 1989; Fahrendorf and Beck, 1990) ; they have acidic pH optima and basic pIs. It has been proposed that cell wall-bound acid invertases participate in phloem unloading (Miron and Schaffer, 1991; Dali et al., 1992; Ruan and Patrick, 1995; Ho, 1996; Brown et al., 1997) , generation of sink strength (Weber et al., 1995 (Weber et al., , 1996 Cheng et al., 1996; Vizzotto et al., 1996) , and gravitropism (Wu et al., 1993) . Both soluble and cell wall-bound invertases are involved in responses to wounding and pathogens (Matsushita and Uritani, 1974; Sturm and Chrispeels, 1990; Benhamou et al., 1991; Ohyama et al., 1995; Herbers et al., 1996; Zhang et al., 1996) . Alkaline and neutral invertases are cytosolic and have neutral to weakly alkaline pH optima (Chen and Black, 1992; Van den Ende and Van Laere, 1995; Ross et al., 1996; Lee and Sturm, 1996) . Alkaline and neutral invertases appear to be involved in the breakdown of sucrose to meet the metabolic demand for cytosolic hexoses (Ricardo, 1974; Masuda et al., 1988; Stommel and Simon, 1990 ; Lee and Sturm, 1996) . cDNAs and genomic DNAs for soluble and cell wallbound acid invertases have been isolated from various plants (Sturm and Chrispeels, 1990; Arai et al., 1992; Klann et al., 1992; Elliott et al., 1993; Unger et al., 1994; Roitsch et al., 1995; Weber et al., 1995) . In tomato (Lycopersicon esculentum), in efforts to elucidate the mechanisms responsible for the accumulation of sugars in fruit, genes for soluble acid invertase have been studied intensively (Klann et al., 1992 (Klann et al., , 1996 Ohyama et al., 1992 Ohyama et al., , 1995 Chetelat et al., 1993 Chetelat et al., , 1995 Elliott et al., 1993; Sato et al., 1993; Hadas et al., 1995) , while those for cell wall-bound acid invertase(s) have not received so much attention (Godt and Roitsch, 1997) . We report here the cloning of a cDNA for a cell wall-bound acid invertase from wounded source leaves of tomato, as well as a comparison of the expression of isozymes of soluble and cell wall-bound invertases in plants and wounded leaves of L. esculentum and a wild relative, L. peruvianum.
MATERIALS AND METHODS
Plant materials. L. esculentum cv. House Odoriko and L. peruvianum var. glandulosum ID 8314 were grown in a greenhouse. Seeds of L. peruvianum were provided by Dr. D. Ishiuchi of NIVOT. Flowers of L. peruvianum were sibpollinated and flowers of both species were tagged at anthesis. Sink and source leaves were cut from fruiting plants that had been grown for four to six months and used for wounding experiments without storage. Materials used for isolation of RNA and DNA were collected from the plants described above, ground to a fine powder under liquid nitrogen and stored at -80°C.
Wounding of leaves. Discs (8 mm in diameter) were cut from leaves, placed in humidified petri dishes, and incubated at 25°C in darkness.
Assays of enzymatic activities. Activities of acid invertases (EC 3.2.1.26) in soluble and cell wall-bound fractions were assayed as described previously (Ohyama et al., 1995) .
Amplification of fragments of cDNAs for acid invertases. We prepared poly(A) + RNA from source leaves of L. esculentum 12 h after wounding using a Fast Track TM mRNA isolation kit (Invitrogen Corp., San Diego). Double-stranded cDNA was synthesized with a cDNA synthesis kit (Amersham Japan, Tokyo) from 1 µg of the poly(A) + RNA, and then about 2 to 4 ng of double-stranded cDNA were used for PCR. The reaction mixture (20 µl), containing Ex Taq polymerase (Takara, Kyoto) and degenerate primers, was prepared according to the protocol from the manufacturer of the enzyme. Two degenerate prim- were designed on the basis of two strongly conserved amino acid sequences in plant invertases, H (L/F) FYQYNP (Roitsch et al., 1995) and WEC (P/V) D, respectively. A thermal cycle consisting of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C was repeated 45 times. The PCR products were cloned into the pT7 Blue T-vector (Novagen, Inc., Madison).
Construction of a cDNA library and screening of cDNA for a cell wall-bound acid invertase. Total RNA was extracted from source leaves of L. esculentum 96 h after wounding as follows. The frozen powder (2 g) was suspended in 10 ml of extraction buffer, 7 M guanidineHCl, 1% sarcosyl, 1.44 M β-mercaptoethanol, 25 mM trisodium citrate, and extracted three times with an equal volume of a mixture of phenol and chloroform (1:1, v/v), and once with an equal volume of chloroform. The nucleic acids were precipitated by the addition of 1/20 volume of 5 M NaCl and two and a half volumes of ethanol. The pellet was dissolved in a small volume of distilled water and the RNA was precipitated by the addition of 1/3 volume of 10 M LiCl. Poly(A) + RNA was prepared with a Dynabeads mRNA purification kit (Nihon DYNAL, Tokyo). cDNA was synthesized from 2 µg of the poly(A) + RNA with a Timesaver cDNA synthesis kit (Pharmacia Biotech, Tokyo) and ligated into EcoRI-digested λZAPII arms (Stratagene, La Jolla, CA). About 1.4 × 10 5 recombinant phage plaques were transferred to nylon membranes (Hybond N+; Amersham Japan) and screened using the PCR fragment from plasmid pT7Wi13 coding for a putative cell wall-bound acid invertase as probe (see above section). The probe was labeled by random priming (Sambrook et al., 1989) . Prehybridization, hybridization and washing were performed under standard conditions (Church and Gilbert, 1984) . Isolated clones were subjected to in vivo excision and resultant pBluescript (Stratagene) phagemids were used to transform E. coli SOLR. Sequencing was performed with an automated sequencer (model 373A; Applied Biosystems, Foster City, CA).
Northern and Southern blotting analyses. Total RNA was extracted from frozen materials as described above. Genomic DNA was isolated from leaves by the standard method (Murray and Thompson, 1980) . Northern and Southern blotting analyses were performed as described previously (Ohyama et al., 1995) . The 3' portion (about 490 bp) of the cDNA for soluble acid invertase, for use as the probe, was prepared by PCR using Aiv-1 cDNA (Ohyama et al., 1992) as template. The reaction mixture (40 µl), which contained Ex Taq polymerase (Takara) and the primers 5'-TAGCGGGTTGTTGATCTG-3' and 5'-CCAGGAACCCATACATTG-3', was prepared according to the protocol from the manufacturer of the enzyme. A thermal cycle consisting of 1 min at 94°C, 2 min at 55°C, and 3 min at 72°C was repeated 25 times. 
Analysis by RT-PCR.
Semi-quantitative reverse transcriptase (RT)-PCR was performed according to the method of Dallman and Porter (1991) . Total RNA was denatured at 70°C for 10 min prior to reverse transcription. The first-strand mixture (20 µl), containing 4 µl of 5 × first-strand buffer (Gibco BRL, Life Technologies, Tokyo), 2 µg of denatured total RNA, 100 ng of oligo-(dT) 12-18 , 0.5 mM dNTPs, 10 mM DTT, 1 µl of RNase inhibitor (RNA guard TM ; Pharmacia Biotech), and 1 µl of Superscript reverse transcriptase (Gibco BRL), was incubated at 37°C for 1 h and then at 95°C for 5 min. PCR was performed in a reaction mixture (20 µl) that contained 0.01, 0.1 or 1 µl of the first-strand mixture and appropriate primers. The Aiv-1 primer pair, 5'-AGGACTTTAGAGACCCGA-3' and 5'-GTCAGCAGATTCACTGTC-3', generated an about 480 bp product corresponding to the 5' region of Aiv-1 cDNA (Ohyama et al., 1992) for soluble acid invertase; the Wiv-1 primer pair, 5'-TCGAACCCGCTATCTACCCGTC-3' and 5'-AGTATCCATCTCTGCCCATCCAAG-3', generated an about 280 bp product corresponding to the 5' region of Wiv-1 cDNA ( Fig. 1) for cell wall-bound acid invertase. A thermal cycle consisting of 20 sec at 95°C, 30 sec at 55°C, and 1 min at 72°C was repeated 20 times. PCR products were separated by 1.5% agarose gel electrophoresis, transferred to a nylon membrane (Hybond N+; Amersham Japan) and then hybridized with 32 P-labeled probes under standard conditions (Church and Gilbert, 1984) . The 5' portion of Aiv-1 cDNA and the 5' portion of Wiv-1 cDNA, for use as probes, were prepared by PCR as described above using Aiv-1 cDNA and Wiv-1 cDNA as templates, respectively.
RESULTS

Cloning of cDNA for a cell wall-bound acid invertase.
Degenerate primers based on the two conserved amino acid sequences in plant invertases were used to amplify fragments of cDNAs for acid invertases from wounded leaves of L. esculentum. The DNA fragments of about 450 bp were amplified and then subcloned into pT7 Blue T-vector. The nucleotide sequence of the insert of one clone, pT7Wi13 showed strong similarity (92.5%) to that of cDNA for potato apoplastic invertase (Hedley et al., 1994) .
The PCR fragment from pT7Wi13 was used to screen a λZAPII cDNA library constructed from wounded leaves of L. esculentum. Among 54 positive clones, the cDNA clone pWiv-1, which contained the longest insert, was sequenced. The complete nucleotide sequence of Wiv-1 cDNA (1872 bp) is shown in Figure 1 . Although the cDNA lacked part of the 3' sequence, including the poly(A) tail, it included an entire open reading frame, which extended from a putative initiation codon at nucleotide 29 to a termination codon at nucleotide 1777. The open reading frame encoded a polypeptide of 582 amino acid residues with a calculated molecular weight of 65,772 (Fig. 1 ) and a pI of 9.47. In the sequence (Fig. 1) , we found both a β-fructosidase motif (Sturm and Chrispeels, 1990 ; NDPNG) and a highly conserved sequence (WECPD) that included the Cys residue required for the catalytic function of β-fructosidase (Sturm and Chrispeels, 1990 ) and a Pro residue, as commonly found in the cell wall-bound acid invertases of various plants (Roitsch et al., 1995) . The deduced amino acid sequence exhibited 72.5%, 97.1%, 75.5%, and 77.5% similarity to the partial amino acid sequences of tomato cell wall- bound invertases encoded by Lin5, Lin6, Lin7, and Lin8 (Godt and Roitsch, 1997) , respectively.
Southern blotting analysis.
The copy number of genes corresponding to Aiv-1 cDNA (Ohyama et al., 1992) for soluble acid invertase and Wiv-1 cDNA for cell wall-bound acid invertase was estimated by Southern blotting analysis. Although the lanes loaded with L. peruvianum DNA yielded 3 to 5 bands when entire Aiv-1 cDNA probe was used (data not shown), the number of the bands was reduced to 2 to 3 bands when the 3' portion of the cDNA was used as the probe (Fig. 2A) . This suggests that the bands detected by the entire cDNA probe are derived from either 5' or 3' region of the corresponding gene(s) in the genome of L. peruvianum. Therefore, the 3' portion of the cDNA was used as the probe for the estimation of the copy number of the gene. The Southern blots ( Fig. 2A ) obtained with this probe showed clearly that the gene for the soluble acid invertase in L. esculentum and L. peruvianum was a low-copy-number gene (with probably one or a very few copies per haploid genome).
The patterns obtained with entire Wiv-1 cDNA ( Fig. 1 ) as probe are shown in Figure 2B . The results clearly demonstrate that the gene for the cell wall-bound enzyme in both species is a low-copy-number gene.
Enzymatic activities in wounded leaves.
Wounding increased activities of soluble acid invertases in sink and source leaves of L. esculentum and in source leaves of L. peruvianum (Fig. 3A) . The activity in source leaves of L. esculentum was higher than that in sink leaves under wounded or unwounded conditions (Fig. 3A) . The activities in sink and source leaves of L. peruvianum were very low, even after wounding, as compared with those in the leaves of L. esculentum (Fig. 3A) . No increase in activity was obvious in wounded sink leaves of L. peruvianum (Fig.  3A) .
Activities of cell wall-bound acid invertases in wounded leaves of both species were enhanced by wounding (Fig.  3B ) and the increase was more marked in leaves of L. peruvianum (Fig. 3B) . The activities in wounded sink leaves of both species were lower than those in wounded source leaves (Fig. 3B) . The activities in leaves of L. esculentum were higher than those in leaves of L. peruvianum, even after wounding (Fig. 3B) .
Analysis of RNAs in wounded leaves.
Northern analysis of RNAs from unwounded and wounded leaves was performed using two cDNA probes, Aiv-1 for soluble acid invertase and Wiv-1 for cell wall-bound acid invertase (Fig. 4) .
The level of Aiv-1 mRNA for the soluble enzyme in source leaves of L. esculentum increased slightly during the first 48 h and then decreased again by 96 h after wounding (Fig.  4) . The analysis also revealed that the levels of mRNA in L. esculentum tended to be higher than those in L. peruvianum, and those in source leaves were higher than those in sink leaves after wounding (Fig. 4) .
The signals obtained with the Wiv-1 probe were very weak in the case of mRNAs from unwounded leaves of both species of tomato (Fig. 4) . The levels in sink and source leaves were markedly elevated by wounding as compared to the level of Aiv-1 mRNA (Fig. 4) . The level continued to increase for 96 h after wounding in source leaves of L. esculentum (Fig. 4 ). The increase in the level of Wiv-1 mRNA caused by wounding was more marked in source leaves than that in sink leaves, and the level was higher in L. esculentum than in L. peruvianum after wounding (Fig. 4) .
Analysis of RNAs in plants by RT-PCR.
The levels of Aiv-1 and Wiv-1 mRNAs in growing plants of L. esculentum and L. peruvianum were analyzed by semi-quantitative RT-PCR (Fig. 5) since Wiv-1 mRNA in unwounded leaves was hardly detectable by Northern blotting analysis (Fig. 4) .
In developing fruit of L. esculentum, the level of Aiv-1 mRNA for soluble acid invertase was low from 20 to 40 days after anthesis and then it was markedly elevated at Fig. 5 . Analysis of levels of Aiv-1 and Wiv-1 mRNAs in various tissues of L. esculentum (e) and L. peruvianum (p) using semi-quantitative RT-PCR. First-strand cDNA from fruit, leaf, root, stem, and flower were used as templates in PCR reactions with either Aiv-1-or Wiv-1-specific primers. Amplification of cDNA fragments was performed with 0.01 µl (1), 0.1 µl (10), or 1 µl (100) of the preparation of first-strand cDNA. Products of PCR were isolated on a 1.5% agarose gel and then blotted onto a membrane. The membrane was probed with 32 P-labeled 5' portion of Aiv-1 cDNA or 5' portion of Wiv-1 cDNA. Fig. 4 . Northern blotting analysis of expression of genes for invertases. Each lane was loaded with 3 µg of total RNA from wounded leaves. The RNA was fractionated on an agarose gel under denaturing conditions with glyoxal-dimethyl sulfoxide (DMSO) and then blotted onto a membrane. The blot was probed with 32 P-labeled Aiv-1 cDNA for soluble acid invertase, Wiv-1 cDNA for cell wall-bound acid invertase or 25S rDNA. 60 days after anthesis (Fig. 5) . Although the mRNA for this enzyme was detected in fruit of L. peruvianum, the level was lower than that in fruit of L. esculentum at all stages analyzed (Fig. 5) . The level of Wiv-1 mRNA for the cell wall-bound enzyme was very low in fruits of both species throughout development (Fig. 5) . The levels of the mRNAs for the two acid invertases in leaves, roots, young stems, and flowers of L. peruvianum were lower than or nearly equal to the levels in the respective organs of L. esculentum (Fig. 5) . The level of Aiv-1 mRNA was high in leaf and flower tissues of both tomato species, while that of Wiv-1 mRNA was high in leaf and young stem tissues (Fig. 5) .
DISCUSSION
The amino acid sequence deduced from Wiv-1 cDNA (Fig.  1) had high similarity to known cell wall-bound acid invertases (Hedley et al., 1994; Godt and Roitsch, 1997) . The specific sequence element WECPD and the high pI of the deduced protein corresponded to common features of various cell wall-bound acid invertases (Roitsch et al., 1995) . We reported previously that acid invertase activity in the cell wall fraction of tomato leaves continued to increase after wounding (Ohyama et al., 1995) . The Northern blots (Fig. 4) obtained with Wiv-1 cDNA for 96 h after wounding were in agreement with the profile of the activity. These results suggest that Wiv-1 encodes a wound-inducible, cell wall-bound acid invertase in the tomato plant. The amino acid sequence deduced from Wiv-1 cDNA was very similar to the partial sequence of the tomato cell wall-bound invertase encoded by Lin6 (Godt and Roitsch, 1997) , and both Wiv-1 and Lin6 mRNAs were wound inducible (Fig. 4; Godt and Roitsch, 1997) . These data suggest that both mRNAs are derived from the same gene. However, there were several mismatches in levels of nucleotide and amino acid sequences between Wiv-1 and Lin6 mRNAs. It is likely that these mismatches are due to errors by PCR (Godt and Roitsch, 1997) .
It has been reported that the activity of soluble acid invertase in tomato (L. esculentum) fruit increases markedly during ripening, while that in some green-fruited wild relatives, including L. peruvianum, remains low during the development of fruit (Manning and Maw, 1975; Stommel, 1992) . The level of Aiv-1 mRNA for soluble acid invertase in fruit of L. esculentum and L. peruvianum from 20 to 60 days after anthesis reflected the difference in activities between the two types of fruit (Fig. 5) . Although the differences in the levels of the mRNA between the two species were not as marked as in the case of fruit, the level in leaves of L. esculentum was higher than that in leaves of L. peruvianum after wounding (Fig. 4) . In addition, differences in levels of the mRNA were also observed in root, flower, and unwounded leaf tissues, respectively (Fig. 5) . The same tendencies as those in the levels of Aiv-1 mRNA were found in the case of levels of Wiv-1 mRNA for cell wall-bound acid invertase (Figs. 4 and 5; roots, stems, and wounded and unwounded leaves) . These findings suggest that the levels of expression of the genes for the two acid invertases in L. esculentum plants are higher than those in L. peruvianum plants. It seems unlikely that the differences in respective levels of the mRNAs for the two types of invertase between the two species of Lycopersicon are due to differences in the copy number of the corresponding genes (Fig. 2) .
Soluble acid invertase in tomato plant is thought to control levels of hexoses (Scaffer et al., 1987; Yelle et al., 1991; Klann et al., 1993 Klann et al., , 1996 Ohyama et al., 1995; Scholes et al., 1996) , while cell wall-bound acid invertase is proposed to participate in sink metabolism, including phloem unloading (Miron and Schaffer, 1991; Dali et al., 1992; Ruan and Patrick, 1995; Ho, 1996; Brown et al., 1997) . However, the physiological roles of cell wall-bound acid invertase in source tissues of tomato were unclear. Wound-inducible cell wall-bound acid invertase was observed in phloem cells of stem and leaf tissues of pea (Zhang et al., 1996) . In this study, relatively high levels of Wiv-1 mRNA were observed in stem and leaf tissues of two tomato species (Fig. 5) . As discussed above, the levels of Wiv-1 mRNA in leaf and stem tissues of L. peruvianum were lower than those of L. esculentum (Fig. 5) . We preliminary observed that the content of soluble sugars in source leaves of L. peruvianum was lower than that of L. esculentum (data not shown). These findings may indicate that cell wall-bound enzyme encoded by Wiv-1 is involved in the regulation of transport of sucrose in leaf and possibly in stem tissues as well as sink metabolism. Godt and Roitsch (1997) reported that there are four different genes (Lin5, Lin6, Lin7, and Lin8) for cell wall-bound acid invertases in L. esculentum and only Lin6 (Wiv-1) mRNA is wound inducible. Further, introduction of antisense gene for Aiv-1 lead to a marked decrease in the activity of soluble acid invertase in wounded leaves of tomato (Ohyama et al., 1995) . Therefore, we considered that the activities of soluble and cell wall-bound acid invertases in wounded leaves could reflect the levels of Aiv-1 and Wiv-1 mRNAs, respectively. Although the levels of the mRNAs for soluble and cell wall-bound invertases and the activities of these invertases were elevated by wounding (Figs. 3  and 4) , we observed marked differences in profiles of wound induction between the invertases (Fig. 4) . The increase upon wounding in the level of Aiv-1 mRNA for the soluble enzyme was not very marked (Fig. 4 ). By contrast, the level of Wiv-1 mRNA for the cell wall-bound enzyme in unwounded leaves was very low but it increased prominently after wounding (Fig. 4 ). In addition, the level of Aiv-1 mRNA reached a maximum 48 h after wounding (Fig.  4) while Wiv-1 mRNA, continued to increase for 96 h after wounding (Fig. 4) . These results suggest that the genes for the two invertases respond independently to wounding. Furthermore, increases in activities and levels of mRNA of the two invertases were more marked in source leaves than in sink leaves after wounding (Figs. 3  and 4) . The results suggest that the mechanism for the response to wounding might not have been fully established in sink (developing) leaves.
The prominent and continuous induction of Wiv-1 mRNA by wounding may indicate that the cell wall-bound enzyme encoded by Wiv-1 participates in the defense mechanism more closely than the soluble enzyme. It has been reported that over-expression of yeast invertase in the apoplast leads to an increase in levels of carbohydrates and an inhibition of sugar transport in leaves of tobacco (Sonnnewald et al., 1991) and tomato (Dickinson et al., 1991) plants. In stem and leaf tissues of pea, induction of cell wall-bound acid invertase was observed in phloem cells (Zhang et al., 1996) . Therefore, increase in Wiv-1 mRNA in leaves and possibly in stems of tomato may inhibit transport of sucrose and may enable the accumulation of hexoses in wounded cells to meet a demand for a respiratory rise (Benhamou et al., 1991) and/or an adequate defense response (hexose sensing via the secretory pathway; Herbers et al., 1996) .
